BspA is an abundant surface protein from Lactobacillus fermentum BR11, and is required for normal cystine uptake. In previous studies, a mutant strain deficient in BspA (L. fermentum PNG201) was found to be sensitive to oxidative stress. In this study, the biochemical basis for this was explored. It was found that under aerobic batch culture conditions in de Mann^Rogosa^Sharpe medium, both L. fermentum BR11 and PNG201 entered stationary phase due to hydrogen peroxide accumulation. However, this took place at a lower optical density for PNG201 than for BR11. Measurements of hydrogen peroxide levels revealed that the BspA mutant strain overproduces this compound. Addition of 6 mM cystine to aerobic cultures was found to prevent hydrogen peroxide production by both the BR11 and PNG201 strains, but lower cystine concentrations depressed hydrogen peroxide production in BR11 more efficiently than in PNG201. Each mole of cystine was able to prevent the production of several moles of hydrogen peroxide by L. fermentum BR11, suggesting that hydrogen peroxide breakdown is dependent upon a thiol that cycles between reduced and oxidized states. It was concluded that peroxide breakdown by L. fermentum BR11 is dependent upon exogenous cystine. It is most probable that the imported L-cystine is catabolized by a cystathionine lyase and then converted into a thiol reductant for a peroxidase.
Introduction
BspA is an abundant surface protein from Lactobacillus fermentum BR11 that was initially de¢ned as the major constituent of 5 M LiCl extracts from whole cells [1] . The gene was sequenced, and subsequent analysis has revealed it is 88% identical to Cnb, a collagen binding protein from Lactobacillus reuteri [2] . Biochemical and amino acid sequence evidences indicate that it is very similar to a putative adhesin from L. fermentum 104R [3] and the surfactant protein p29 from L. fermentum RC-14 [4] . Sequence comparisons have also revealed that both BspA and Cnb are members of family III solute binding proteins as de¢ned by Tam and Saier [5] . Consistent with this, both bspA and cnb are located immediately downstream from, and are probably co-transcribed with genes that potentially encode the other components of adenosine triphosphate (ATP) binding cassette (ABC) transporters [1, 2] . A distinctive feature of both BspA and Cnb is the lack of the N-terminal LXXC lipoprotein consensus sequence that is characteristic of the great majority of solute binding proteins in Gram-positive bacteria. BspA's extractability with highly ionic solutions (5 M LiCl) coupled with its high alkaline isoelectric point strongly suggest that it is electrostatically anchored to the cell wall.
The involvement of BspA in solute transport was directly demonstrated when a BspA negative mutant (L. fermentum PNG201) was shown to be greatly impaired in its ability to take up L-cystine [6] . In the course of that study, PNG201 was also found to be impaired in oxidative defence. PNG201 is essentially an obligate anaerobe and also has increased sensitivity to the superoxide generating compound paraquat. These observations were unexpected as cystine is an oxidized compound. However, the BR11 strain was shown to secrete thiols in response to L-cystine supplementation, while PNG201 was unable to do this [6] . It was concluded that transported L-cystine is rapidly catabolized to one or more thiols, and that these molecule(s) are probably involved in oxidative defence. Oxidative defence in lactic acid bacteria di¡ers from other aerotolerant bacteria such as staphylococci in that they do not express conventional catalases. As a result, many lactic acid bacteria produce substantial quantities of hydrogen peroxide [7, 8] . This can be either through enzymatic means or conferred by high intracellular concentrations of manganese [9, 10] . Despite the lack of conventional catalases, lactobacilli have been shown to possess some ability to detoxify hydrogen peroxide. This is mediated either by manganese-containing pseudocatalases [11] or by peroxidases [12] . Unlike catalases that can liberate oxygen from hydrogen peroxide without energy input, peroxidases are dependent upon reducing equivalents such as thiols. In lactic acid bacteria, the hydrogen peroxide detoxi¢cation capacity probably de¢nes the degree of oxygen tolerance.
The central role of hydrogen peroxide in oxidative stress of lactic acid bacteria, the demonstrated ability of L. fermentum BR11 to reduce L-cystine to thiols, and the impairment of oxidative defence when bspA is inactivated have lead us to test the hypothesis that impairment of L-cystine uptake in L. fermentum BR11 results in hydrogen peroxide overproduction and consequent oxygen sensitivity.
Materials and methods

Chemicals and reagents
Unless stated otherwise, all chemicals and enzymes were obtained from Sigma (USA).
Strains and culture conditions
L. fermentum BR11 is a guinea pig vaginal isolate previously described by Rush et al. [13] . L. fermentum PNG201 is a BspA mutant generated by homologous recombination and is described by Turner et al. [6] . All lactobacilli strains were cultured on de Mann^RogosaŜ harpe (MRS) media (Oxoid, Australia) with or without erythromycin (10 Wg ml 31 ) at 37 ‡C. Where aerobic growth is required, cultures were grown in conical £asks with culture volumes not exceeding 10% of the total £ask volume and with aeration provided by rotation at 225 rpm in a Bioline orbital shaker incubator (Edwards Instrument Company, Australia).
Hydrogen peroxide determination
Hydrogen peroxide measurement in MRS used a method described by Amanatidou et al. [14] adapted to a microtiter plate format. 50 Wl of test sample was mixed with equal volumes of 6 mM 4-aminoantipyrine (Research Organics, USA) and 21 mM 3,5-dichloro-2-hydroxybenzene sulfonate (DHBA). The reaction was initiated by the addition of 5 mU of horseradish peroxidase. Absorbance of the colored product was measured on a Beckman Biomek plate reader at a wavelength of 550 nm. The assay was calibrated using 0.0^1.0 mM of hydrogen peroxide added to the MRS medium.
Hydrogen sul¢de and thiol detection
Log phase cells were harvested by centrifugation (1200Ug, 10 min), washed and resuspended in KPM (0.1 M K 2 HPO 4 , 10 mM MgSO 4 W7H 2 O, pH 6.4) to an OD 600 of 1.0. 20 Wl of 1 M glucose and 20 Wl of amino acids (¢nal concentration 5 mM) were added as required to 1 ml of cell suspension. The cell suspension was incubated at 37 ‡C for 90 min. H 2 S was detected by addition of 50 Wl of 3.3 mM bismuth subnitrate and the formation of a visible black precipitate. Thiol production was detected by addition of 50 Wl of 10 mM 5,5P-dithiobis-(2-nitrobenzoic) acid (DTNB) and its subsequent reduction by free thiols to a visible yellow color. Positive and negative reactions were scored by eye.
Results
Oxygen sensitivity in PNG201 is due to hydrogen peroxide accumulation
It has previously been shown that an isogenic L. fermentum PNG201 is more sensitive than the L. fermentum BR11 strain to both oxygen and the superoxide generating compound paraquat [6] . If the growth defect of L. fermentum PNG201 under aerobic conditions is due to the accumulation of hydrogen peroxide, then it would be expected that in aerobic batch culture, PNG201 would grow at a similar rate as BR11 but would enter stationary phase at a lower optical density. It would also be expected that the addition of exogenous catalase would have a protective e¡ect.
This notion was tested and the results are shown in Fig.  1 . The increases in the stationary phase OD 600 caused by the addition of catalase indicate that under aerobic conditions the accumulation of hydrogen peroxide limits the growth of both the BR11 and the PNG201 strains. As expected, without catalase PNG201 entered stationary phase at a lower optical density than BR11, and the e¡ect of catalase addition was consequently greater. Under anaerobic conditions there was no di¡erence between the growth of PNG201 and BR11, indicating that any L-cystine de¢ciency in PNG201 does not a¡ect general protein synthesis.
It was concluded that the growth of both strains in aerobic batch culture is limited by hydrogen peroxide accumulation, and that for the L. fermentum PNG201 strain the limitation is more marked than for the L. fermentum BR11 strain.
PNG201 secretes more hydrogen peroxide than BR11
The results of the previous experiment may be explained by PNG201 either accumulating more, or having increased sensitivity to hydrogen peroxide. To discriminate between these scenarios, growth and hydrogen peroxide accumulation were monitored during batch culture.
As expected, no hydrogen peroxide was secreted by L. fermentum BR11 or PNG201 strains under anaerobic conditions ( Fig. 2A) . Under aerobic conditions, PNG201 secreted hydrogen peroxide to a ¢nal concentration of 0.52 mM while the BR11 culture reached a ¢nal concentration of 0.68 mM (Fig. 2B) . Although, this would appear to indicate that BR11 secretes more hydrogen peroxide than PNG201 rather than vice versa, much of the increase in hydrogen peroxide concentration in BR11 took place after growth had ceased. More signi¢cantly, at the 3 h time point, PNG201 had produced considerable more hydrogen peroxide than BR11 despite being at a lower optical density. Also, the hydrogen peroxide concentrations at the point when growth ceased were very similar^approx-imately 0.40 mM. As had previously been observed (Fig.  1A) , PNG201 was at a lower OD 600 than BR11 when this occurred. The similar peroxide concentrations at which growth ceased suggest there is no di¡erence in the sensitivity to peroxide between the two strains.
It was concluded that the growth defect of PNG201 is due to greater hydrogen peroxide accumulation rather than hydrogen peroxide oversensitivity. The reason for the continued production of hydrogen peroxide in stationary phase by BR11 is unknown, but may simply be a function of the greater biomass in that culture.
L-cystine suppresses hydrogen peroxide production
As PNG201 is impaired in its ability to transport L-cystine [6] and is sensitive to oxygen due to excessive peroxide production (this study), it is reasonable to hypothesize that L-cystine protects against oxidative stress. This was tested by growing aerobic batch cultures of PNG201 and BR11 strains in MRS media supplemented with 6 mM L-cystine (Fig. 3) .
Addition of L-cystine had a similar e¡ect as adding catalase (see Fig. 1B ). Both BR11 and PNG201 grew to OD 600 approaching 1.5. This is more than double the normal aerobic stationary phase optical density of PNG201 and about 50% higher than the normal aerobic stationary phase OD 600 of the BR11 strain. Therefore L-cystine pro- tected the cells from oxidative stress. Consistent with the growth data, peroxide accumulation was virtually eliminated, although it may be signi¢cant that there was a small rise in the peroxide concentration in the PNG201 culture very late in the experiment.
These results raise the question as to how L-cystine can be protective in PNG201, given that this strain is defective in L-cystine uptake. One possible explanation is that the L-cystine was being transported by a low a⁄nity transporter^6 mM is of the order of thousands of times higher than the K m of binding protein-dependent transporters similar to the BspA system. It was therefore hypothesized that at lower L-cystine concentrations, the e¡ects of L-cystine supplementation on BR11 and PNG201 cells would be di¡erent. One would predict that there would be a correlation between the concentrations of L-cystine supplemented, the extent of protection, and the concentrations of hydrogen peroxide that accumulate in the growth media. Accordingly the e¡ects on growth and peroxide accumulation by additions of 75 and 375 WM of L-cystine to aerobic batch cultures were determined, and the results are shown in Fig. 4 . In the case of the BR11 strain, these concentrations of L-cystine allowed growth to OD 600 values of approximately 1.5 indicating complete protection from oxidative stress. Consistent with this, hydrogen peroxide accumulation did not exceed 0.40 mM which appears to be the lowest inhibitory concentration. Also as expected, 375 WM L-cystine caused a greater decrease in peroxide accumulation than 75 WM L-cystine. In the case of PNG201, the results were quite di¡erent. Although the addition of L-cystine to 75 or 375 WM caused a rise in the OD 600 at which the cells entered stationary phase, this was only to OD 600 of 0.8, and the L-cystine additions caused only a small reduction in the peroxide accumulated.
These results are consistent with the notion that, in BR11, there is a functional low a⁄nity L-cystine transporter that is able to transport su⁄cient L-cystine for complete suppression of peroxide production if a high concentration of that amino acid was present. However, it is currently not understood why there is little or no di¡er-ence between the results obtained from the 75 and 375 WM L-cystine in the PNG201 culture, while almost complete suppression of hydrogen peroxide production was achieved with 6 mM L-cystine.
L. fermentum BR11 converts transported cystine to H 2 S
In a previous study it was demonstrated that energized cell suspensions of L. fermentum BR11 convert exogenous cystine to a secreted thiol and that L. fermentum PNG201 was unable to do this. In that experiment, thiols were detected using the colorimetric reagent DTNB which is reduced to its colored form by essentially any thiol. We hypothesized that H 2 S forms a component of the secreted thiol(s). Bismuth forms a brown/gray precipitate with H 2 S but not with other thiols. The abilities of energized cell suspensions of BR11 and PNG201 to convert exogenous cystine, cysteine and methionine to bismuth and DTNB reactive material were determined ( Table 1) . As expected, BR11 but not PNG201 converted cystine to a bismuth reactive material. It was concluded that BR11 could convert transported cystine to H 2 S. However both BR11 and PNG201 were able to convert cysteine to H 2 S, suggesting that L. fermentum BR11 possesses a cysteine transporter that will not transport cystine. The absence of a precipitate in the cell-free bismuth control reaction con¢rms that cysteine alone does not react with bismuth. In contrast to the ¢ndings with cystine and cysteine, this experiment provided no evidence that L. fermentum BR11 can convert methionine into a secreted thiol.
Discussion
This study builds upon the ¢ndings that BspA is required for L-cystine uptake and that inactivation of bspA results in sensitivity to oxidative stress and a reduced ability to secrete thiols in response to L-cystine addition. We have now established that exogenous L-cystine suppresses production of peroxide and that this phenomenon is dependent upon L-cystine uptake. These results are consistent with the participation of L-cystine metabolite(s) in hydrogen peroxide detoxi¢cation. Support for this is provided by analysis of the region encoding bspA which has revealed that the genes potentially encoding the components of the L-cystine transporter are immediately downstream from and probably co-transcribed with a gene potentially encoding a cystathionine lyase [1] . Cystathionine lyases cleave C^S bonds to yield a thiol plus a keto acid [15] . They are unusual in their ability to generate thiols without consuming reducing equivalents. Studies on L. fermentum DT41 by Smacchi and Gobetti [16] and the closely related L. reuteri DSM 20016 by De Angelis et al. [15] have shown that these species express a cystathionine lyase that is highly active against L-cystine. The gene encoding the L. reuteri 104R enzyme has been shown by N-terminal sequencing to be encoded in the mapA locus (GenBank accession number AJ293860) which is essentially identical to the bspA locus. The 41 residues in the deduced product of the partially sequenced L. fermentum BR11 gene are 93% identical (98% identical+similar) to the C-terminal 41 residues of the L. reuteri 104R enzyme and 61% identical (81% identical+similar) to the gene encoding the fully characterized MetC (cystathionine lyase) from Lactococcus lactis [17] . We have shown that L. fermentum BR11 can rapidly convert L-cystine into a thiol(s) that includes H 2 S and that this phenomenon requires a functional L-cystine transport system. It is therefore reasonable to postulate that the bspA locus encodes not only the proteins needed for L-cystine uptake but also the enzyme that carries out the initial step of L-cystine catabolism.
The identity of the limiting compound that leads to greater hydrogen peroxide accumulation by PNG201 remains obscure. One model we have developed is that a cystine-derived thiol serves as a reductant for a peroxidase. Another possible candidate is thioredoxin which is known to serve as a reductant for the widespread peroxiredoxin family of peroxidases [18] . However, thioredoxin depletion in PNG201 appears unlikely given that thioredoxin is synthesized by the ribosomal pathway, and the normal growth of PNG201 under anaerobic conditions is inconsistent with a generalized cysteine shortage in the cytoplasm. Another less obvious possibility is quite intriguing. Van Niel et al. [19] have shown that L. lactis produces high concentrations of pyruvate which non-enzymatically detoxify hydrogen peroxide. A similar mechanism in L. fermentum BR11 cannot be ruled out, especially given that pyruvate is a predicted product of the action of cystathionine lyase on cystine.
A practical imperative for the study of sulfur amino acid metabolism in lactic acid bacteria is the importance of small thiols in conferring £avor to dairy products, particularly in cheese [20, 21] . Research into the origins of these molecules has revealed that they are derived from the catabolism of sulfur-containing amino acids, and that in some cases a cystathionine lyase is involved [16, 22] . The characterization of the L. fermentum and L. reuteri cystathionine lyases was prompted by increasing awareness that these species are important adjuncts in the production of hard cheeses such as Parmesan [16, 23] . Our ¢ndings are consistent with the notion that cystine is catabolized by cystathionine lyase and provide the added concept that in these species the production of thiols is a manifestation of an oxidative defence mechanism, and that L-cystine is central to this process and can prevent self intoxication by hydrogen peroxide.
